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Cephalopods can participate in complex navigation using landmarks that show context 
due to their statocysts. Statocysts are analogous to the vertebrate vestibular and auditory system 
encased in cartilage rather than bone making them more easily accessible. Age and anatomical 
dysfunctions are the reasons for many human vestibular malfunctions. Two of these sources are 
endolymph hydrops and aging. In the past, endolymph pressure changes were attributed to the 
ineffectual ion transport. Recent studies have illuminated the possibility of histamine receptors in 
the semicircular canal could be responsible for patients’ endolymph pressure changes rather than 
the previous belief that the pressure changes were due to high salt diets. Cephalopods have 
provided several models for studying vestibular dysfunction and a multitude of other peripheral 
and central nervous system attributes. The natural life stage of cephalopods results in immune 
suppression called senescence. Identifying developmental apoptotic changes, as well as assessing 
statocyst histamine amounts could indicate the validity of using cephalopods as a model for  
vertebrate vestibular malfunctions. We hypothesized that cell death and histamine would 
increase with age. Cephalopods were obtained from the Marine Biology Lab in Woods Hole 
Massachusetts and fixed less than sixteen hours post mortem. The specimens were then dissected 
and embedded to be put on slides. Immunofluorescence using indirect histamine and TUNEL 
assay were performed to evaluate the statocysts developmentally. These assays were done in 
duplicate; however, statistical significance was not determined. The results also seemingly 
contradicted our hypothesis with higher amounts of cell death, as well as histamine present in the 
young adults when compared to senescent adults across all species. However, it is worth noting 




There are five orders, two subclasses, and approximately seven hundred existent species 
of cephalopods (Shigeno et al., 2018). Cephalopoda, or “head foot,” are a behaviorally and 
morphological complex class in phylum Mollusca and have the most advanced brain of any 
invertebrate (Neff, 2019). There is high regard in the scientific community for cephalopods due 
to their benefit to neuroscience. They possess a well-developed nervous system, and complex 
sensory organs similar to that of vertebrates (Shigeno et al., 2018). Their ganglia are large and 
close to each other forming a large brain (Zullo & Hochner, 2011). Cephalopods have specific 
upper lobes, as with vertebrates, within the brain that serve as a control for memory and learning 
(Zullo & Hochner, 2011). Ganglia elsewhere within the mantle cavity is connected to the brain 
by giant axons that are responsible for motor functions (Zullo & Hochner, 2011).  
Decapod cephalopod peripheral nervous systems have provided several useful model 
synaptic systems such as the giant axon (Williamson & Budelmann, 1991; Young, 1991), the 
giant synapse of the stellate ganglion (Bullock, 1948), and neuromuscular junctions including the 
those within the unique, centrally controlled chromatophore system in the skin (Sereni & Young, 
1932). Subsequently, such preparations, have been used to make fundamental contributions to 
basic neuroscience (Hodgkin & Huxley, 1990). 
Generally, the statocyst consists of two endolymph filled cavities lying within the cranial 
cartilage just ventral and lateral to the brain. The left and right statocysts are mirror-reversed 
with the precise shape of the cavity being species specific. The localization could affect the 
hydrodynamics of the system and response characteristics (Williamson & Chrachri, 2010). The 
neurons are contained in cartilage, not hard bone and therefore are fully accessible to a 
physiological investigation (Williamson & Chrachri, 2010). Researchers have obtained precise 
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physiological recordings from all of the cellular elements comprising the external network as 
well as the influence by a vast and varied feedback/feed-forward system (Williamson & 
Chrachri, 2010). 
The statocyst contains two main areas of sensory epithelium, a macula/statolith area, and 
a crista/cupula area (Fiorito et al., 2014). The macula/statolith system is used for gravitational 
information while the crista/cupula system is a receptor system for angular acceleration and is 
situated to cover the three spatial plains (Colmers et al., 1984).  
The macula system consists of a plate of mechanosensory hair cells with an overlying 
statolith sitting with a layer of mucus (Williamson & Chrachri, 2010). The degree and direction 
of any applied linear accelerations affect the mass of the statolith on the mechanosensory hair 
cells. Compartmentalization resolves the accelerations into directional components (Williamson 
& Chrachri, 2010). When the animal accelerates the statolith will not move initially due to 
inertia, which creates shearing movements on the mechanosensory hair cells and sensory 
epithelium. These hairs are morphologically and physiologically polarized so that they are 
excited in a specific direction and inhibited in the opposite direction (Williamson & Chrachri, 
2010). 
     The crista/cupula system consists of a narrow strip of sensory epithelium that winds around 
the inside wall of the statocyst such that it covers the three orthogonal planes (Williamson & 
Chrachri, 2010). When viewed with a histological cross section it is visibly comprised of three 
main cell type which includes primary sensory hair cells, secondary sensory hair cells, and 
afferent neurons (Williamson & Chrachri, 2010). Each crista segment carries an overlying sail 
like cupula that is deflected during rotational movements of the animal. The deflection is. caused 
by the flow of endolymph relative to the statocyst wall (Williamson & Chrachri, 2010). Since the 
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base of each cupula is in contact with the underlying mechanosensory hairs a cupula deflection 
may stimulate or inhibit these cells (Williamson & Chrachri, 2010). Depending on the cupula 
movement and the polarization of the hair cells.  
The peripheral efferent system receives up to 75 percent of the axons in the statocyst, and 
the rest are statocyst afferent fibers (Williamson & Chrachri, 2010). In comparison, some 
vertebrate vestibular nerves contain 8 percent efferent. This extreme difference in efferent 
innervation results in direct depolarizing or hyperpolarizing of primary and secondary hair cells 
and afferent neurons (Williamson & Chrachri, 2010). Depolarization results in activity and 
hyperpolarization decrease activity. An analogous inhibitory or excitatory innervation is also 
present in the vertebrate semicircular canal system. However, they are less influential because 
the statocyst sensory hairs can polarize in opposite directions, but the semicircular canal cannot 
(Williamson & Chrachri, 2010). 
Cephalopods can sense waterborne vibrations with their statocysts by providing the 
animal with sensory information on sound. Yan tested the auditory capacity of the statocyst in 
Octopus vulgaris and a squid Sepioteuthis lessoniana. The octopus could hear sounds between 
400Hz and 1000Hz while the squid could listen to a broader range at 400Hz to 1500Hz (Hu, 
Yan, Chung, Shiao, & Hwang, 2009). In these ways, it is analogous to the vertebrae vestibular 
system (Williamson & Chrachri, 2010). In combination with the considerable innervation from 
the brain, it forms an active sense organ that uses feedback and feed-forward mechanisms to alter 
and modulate the activity within cells and how the various components are interconnected 
(Williamson & Chrachri, 2010).  
There is a lack of information regarding the cephalopod’s reception of sound however 
several studies are showing possible adverse effects after sound exposure (Hu et al., 2009; 
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Mooney et al., n.d.; Sanders & Gillig, 2010; Zhang, Shi, Song, Zhang, & Yu, 2015). These 
adverse effects can cause damage to the epithelial structure and therefore creates an inability to 
control orientation while swimming (Fiorito et al., 2014; Mooney et al., n.d.). Defective animals 
are designated as “spinners,” due to their uncontrolled gyrations (Solé, Lenoir, Fortuño, van der 
Schaar, & André, 2018). This same effect can also be seen when the statocyst is removed or 
during senescence (Colmers et al., 1984).  
Dizziness in humans can indicate a multitude of diseases and does not always implicate 
the vestibular system (Sanders & Gillig, 2010). However, in approximately 75 percent of cases, 
vertigo is caused by benign peripheral vestibular disorders (Sanders & Gillig, 2010). Peripheral 
causes include benign paroxysmal positional vertigo (BPPV), and Meniere’s disease. BPPV 
appears abruptly and dissipates spontaneously (Sanders & Gillig, 2010). It is caused by otoconia, 
similar to the statoconia, being dislodged causing debris most commonly in the posterior 
semicircular canal (Sanders & Gillig, 2010). Meniere’s disease is diagnosed mostly based on a 
history of sensorineural hearing loss, spells of vertigo that lasts hours with vestibular nystagmus, 
tinnitus, and fullness in the ears caused by edema in the labyrinth (Sanders & Gillig, 2010).   
Cranial nerve eight is also referred to as the vestibulocochlear nerve. Its functions are 
mostly sensory (Marieb & Hoehn, 2016). It brings sound and directional information in space to 
the brain similar to the afferent nerves in cephalopods (Dilly, 1976). Statocyst hair cells and the 
hair cells in the organ of Corti are similar (Dilly, 1976). Mechanoreceptors in the cells respond 
by opening and closing channels with depolarizes the cells and therefore creates an action 
potential along the afferent nerve (Campbell et al., 2008). Amplitude determines how loud the 
sound is perceived and the pitch is related to the wave’s frequency. Healthy humans can hear the 
range of 20-20,000 Hz (Campbell et al., 2008).  
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The vestibular system much like the acoustic branch starts with hair cells within fluid-
filled cavities that impulse and encode directionality and position (Marieb & Hoehn, 2016). In 
vertebrates, the location of the utricle and saccule allows change or rotation to be uniquely 
codified (Sanders & Gillig, 2010). The vestibular branch of the eighth cranial nerve closely 
adjoins the auditory. It is neurons synapse in vestibular nuclei as well as in the rostral medulla 
(Marieb & Hoehn, 2016). The vestibular nuclei project to the cerebellum, spinal cord, 
extracellular nuclei, parietal cortex, Vaganova nucleus, nucleus solitarius, and reticular formation 
(Marieb & Hoehn, 2016). 
It is essential to note the difficulty of studying the central nervous system in a 
cephalopod. Cephalopods have many well organized central nervous system cells in functional 
layers; however, they have relatively small cell bodies. Average nuclear diameter across the 
lobes of an octopus is five to twenty micrometers (Young 1963 1971). 
According to Hvorecny et al. the similarities between cephalopod auditory and balance 
systems allow them the ability to discriminate conditionally (2007). Cephalopods can participate 
in complex navigation using landmarks that show context (Hvorecny et al., 2007). In their study, 
they determined this by testing their success in solving two mazes. Being central place foragers, 
octopuses base their activity from a temporary home den. They use multiple sites surrounding 
the den, rotate days at each site, and travel distances up to forty meters (Forsythe and Hanlon, 
1997). 
Age and anatomical dysfunctions are the reasons for many human vestibular 
malfunctions. Two of these sources are endolymph hydrops and aging (Plontke & Gürkov, 
2015). In the past endolymph pressure changes were attributed to the fact that the ion transport in 
the inner ear has similar molecular mechanisms to that of the kidney collecting duct epithelia 
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(Plontke & Gürkov, 2015). Therefore, dysfunction of the trans-epithelial ion transport has 
previously been hypothesized as the reason for the endolymphatic hydrops (Plontke & Gürkov, 
2015). Recent studies have ruled out diuretic therapy (Kirkeby et al., 2015). The Committee for 
Medicinal Products for Human Use redrew the recommendation for trimetazidine treatment for 
vertiginous symptoms of Meniere’s disease in 2012.  
A study by Kirkeby et al., in 2015 illuminated the possibility of histamine receptors in the 
semicircular canal are responsible for patients’ endolymph pressure changes rather than the 
previous belief that the pressure changes were due in part to high salt diets (Kirkeby, Vikeså, 
Møller, Caye-Thomasen, & Nielsen, 2015). It was determined through cDNA microarray 
analysis of histamine receptor genes and immunohistochemistry that betahistine is a rational 
treatment for Meniere’s disease acting as an antagonist for the H3-receptor (Chávez et al., 2000).  
Cephalopods have provided several models for studying vestibular dysfunction and a 
multitude of other peripheral and central nervous system attributes (Brown & Piscopo, 2013; 
Huffard, 2013; Williamson & Budelmann, 1991). The natural life stage of cephalopods results in 
natural immune suppression called senescence (Anderson, Wood, & Byrne, 2002). Identifying 
developmental apoptotic changes, as well as visualizing histamine amounts could possibly 
identify the potential cephalopod statocysts to be a model for studying Meniere’s disease and 
other vestibular morbidities. This study is a nascent pilot to investigate our capability to 
determine the role of apoptosis in senescence, as well as the relative expression of histamine in 
the statocyst during senescence. We hypothesized that there would be an increase in apoptosis 




Materials and Methods:  
Cephalopod Procurement 
Cephalopods were obtained from the Marine Biology Lab in Woods Hole, MA where 
they were formalin fixed less than sixteen hours post mortem. The first collection consisted of 
Sepia bandensis (4 senescent), Euprymna berryi (2 senescent), S. lineolate (3 senescent), 
Metasepia pfefferi (2 senescent), and S. officinalis (2 senescent). In the first collection, most 
were whole animals before dissection, but two animals had their statocysts extracted on site 
before fixation. The second collection held Metasepia pfefferi (2 senescent, 2 juveniles) 




The cephalopods were decapitated with special care to avoid damaging the statocysts by 
making the incision close to the mantle for statocyst acquisition. A clean incision was obtained 
by holding back the funnel and placing the incision where the funnel attaches to the body, thus 
exposing the statocysts. The statocysts are located between the eyes situated in two small round 
cavities. The cartilage and statocysts were extracted as a block with three additional incisions. 
The surrounding tissue was used initially to stabilize the statocyst. Fourteen statocysts were 
prepared in the first experimental session, and eighteen were prepared in the second experimental 
session. The sections were placed in cassettes, embedded, and put on slides.  A set of slides were 




Indirect Immunofluorescence of Histamine in Senescent Statocysts 
Following fixation, the sections holding the statocysts were thoroughly washed in four 
changes of PBS. Different ratios of xylene and ethanol were employed for deparaffinization and 
rehydration before Proteinase K antigen retrieval. The samples were incubated overnight at 4°C 
in a blocking solution of 1% bovine serum albumin (BSA; Sigma- Aldrich #A4503) in 0.25% 
Triton X-100 in PBS (PBS-T). The tissues were then incubated at 4°C for 4 hours in the primary 
antibody (rabbit polyclonal anti-HA, Immunostar, Hudson, WI, USA; #22939) diluted in PBS-T 
(1:100). Tissues were then washed in PBS (3 x 1 h) and PBS-T (1 h) followed by incubation at 
4°C for 1 hour in donkey anti-rabbit AlexaFluor 555 or goat anti-rabbit AlexaFluor 488 
antibodies (Invitrogen, Molecular Probes, OR, USA; #A31572, #A11008) diluted 1:100 in PBS-
T containing 1% normal goat serum (Sigma-Aldrich #G9023). Visualization of the tissues with 
EVOS FL Auto2 Imaging at 20x magnification was completed following several additional 
washes in PBS. 
 
Analysis of Apoptotic Markers in Senescent and Young Statocysts 
Indirect apoptosis detection was completed using the ApopTag® Red In Situ Apoptosis 
Detection Kit. The kit utilizes an anti-digoxigenin antibody with a rhodamine fluorochrome. 
Indirect immunofluorescence for forty samples is provided in the kit. Results are analyzed using 
either fluorescence microscopy. Indirect ApopTag® Kits (S7100, S7101, S7110, S7111 and 
S7165) have been qualified for use in histochemical and cytochemical staining of the following 
specimens: formalin-fixed, paraffin-embedded tissues, cryostat sections, cell suspensions, 
cytospins, and cell cultures. Whole mount-methods have been developed. After following 
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Dissection and Statocyst Observation 
The most in-tact statocysts were chosen for further study which happened to be the adult 
Metasepia pferfferi. It can be seen in the statocyst cross section of Figure 1A & B that the 
statocysts of both the young and senescent adult, respectively are not damaged. This is visualized 
by well circumscribed lining and white centers. If the statocyst had been damaged this cross 
section would display folding or tears in the lining. The statocysts are sac like structures that 
mirror each other. They are essentially empty with the exception of the mineralized statolith and 
endolymph.  
The statocysts can be compartmentalized into the macula/statolith system and the 
crista/cupula system as described in the introduction. The macula system is the outer entire 
statocyst and the crista system is composed of the projections towards the center of the statocyst 
seen in Figure 1A and 1B that are indicated by a star. The lining of the statocyst is covered in 
mechanosensory cells which can be seen in Figure 1C. To confirm that the mechanosensory cells 
that send information to the brain regarding movement were present in our statocysts, we 
analyzed the H&E at 40x magnification as seen in Figure 1C. As expected, in the statocyst we 
found the lining of the statocyst is covered in mechanosensory hair cells, as shown by their 














Analysis of Apoptotic Markers in Senescent and Young Statocysts 
The TUNEL assay results can be seen in Figure 2. The senescent adult was compared 
against the young adult. The counterstain DAPI shows where the nucleus is in relation to the cell 
death identified via RFP-immunofluorescence. The RFP immunofluorescence was produced by 
an indirect system using an anti-digoxigenin antibody with a rhodamine fluorochrome. Both 
individual imaging and an overlay was performed. The senescent adult appears to have less 
immunofluorescence when compared to the young adult. The center of the statocyst is identified 
with a white star for comparison purposes in Figure 2. 
The positive control consists of the center of a lymph node where apoptosis is regularly 
found. The positive control has clearly defined cell death with a distinct arrangement around the 
nuclei. It is worth noting, that the senescent adult has a less distinct nuclei and cell death within 
the lining of the statocyst when compared to the young adult.  
Figure 1: 1A  – Young adult Metasepia pferfferi statocysts (10x). 1B – Senescent Metasepia pferfferi 
statocysts (10x). 1C – Hair cells lining young adult statocyst (40x); Both adults were obtained from the 
MBL, fixed, embedded and stained with H&E. These two animals were chosen because their statocysts 
were intact and therefore their proteins could be more readily identified. Sections of these two animals 
were recut unstained to prepare for immunofluorescence.  
* 
* 
A B C 
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Figure 2: Indirect apoptosis detection was completed using the ApopTag® Red In Situ Apoptosis 
Detection Kit. The kit utilizes an anti-digoxigenin antibody with a rhodamine fluorochrome. Results are 






Indirect Histamine Immunofluorescence  
The young adult appeared to have more distinct histamine fluorescence via GFP than the 
senescent adult which is readily apparent in Figure 3. This was detected by the bright green 
immunofluorescent secondary antibody that was conjugated to the anti-histamine primary 
antibody. Both images of the senescent and young adult respectively were taken at the lining of 
the statocyst. Histamine is a neurotransmitter and would likely be isolated near the lining rather 
than the center of the statocyst due to the mechanosensory nerve cells. The statocyst center is 
indicated with a white star in Figure 3. The positive control is a mast cell tumor known for its 















Positive Control Senescent Young 
Figure 3: After blocking, tissues were then incubated at 4°C for 12 hours in the primary antibody 
(rabbit polyclonal anti-HA, Immunostar, Hudson, WI, USA; #22939) diluted in PBS-T (1:100). Tissues 
were then washed in PBS-T (3 x 5 min) followed by incubation at room temperature for (1 hr.) goat anti-
rabbit AlexaFluor 488 antibodies (Invitrogen, Molecular Probes, OR, USA; #A11008) diluted 1:100 in 
PBS-T containing 1% bovine serum albumin (BSA; Sigma- Aldrich #A4503). Following several 
additional washes in PBS, the tissues were visualized with EVOS FL Auto2 Imaging at 20x 





The goal of this experiment was to determine if the amount of histamine, as well as 
apoptotic markers, increase in cephalopods developmentally. Further studies would be required 
to conclude, however, the different mechanisms at play in the statocyst during senescence.  
It is important to first note that the lining of the statocysts of both the young and the 
senescent M. pferfferi were in-tact. If the lining of the statocyst was compromised it could lead to 
the possibility of confounding. Damaged statocysts would have a larger amount of apoptosis, 
however, senescence is not a damaging causing disease but rather a natural progression to 
immunosuppression (Anderson, Wood, & Byrne, 2002). If a statocyst had been ripped open in a 
fight it would lead to irregular staining (Wyeth & Croll, 2011). To eliminate the possibility of 
confounding the most intact statocysts were utilized for later immunostaining.   
The results of the TUNEL assay immunofluorescence displays that it is possible to detect 
programmed cell death in the statocyst. However, the result contradicts the hypothesis of this 
study. There was more immunofluorescence and therefore more apoptosis in the young adult 
than the senescent adult. Increased apoptosis in the young adult could be an indication that the 
statocyst is healthier due to a higher turnover of cells. The senescent immunostaining appeared to 
be due to background staining despite proper blocking times. A reason for this irregularity could 
indicate background staining to nonspecific artifacts due to necrosis (Ward & Rehg, 2014). 
Another reason for background staining could be due to the tissues previously being embedded 
in paraffin despite xylene washes and ethanol rehydration (Ward & Rehg, 2014). Both 
immunostainings were performed in duplicate and significance was not calculated. Further 
studies should be conducted before determining significance through a one-way ANOVA test.  
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A study regarding epithelial gland systems discovered a higher rate of apoptosis in glands 
that transition from developmental glands to adhesion glands. They discovered that there is a 
type of programmed cell death that leaves behind temporary cellular gaps in epithelial linings 
when transitioning from its hatchling gland in the mantle epithelium to an adhesive organ. 
Epithelial gland systems are essential in marine mollusks due to their fabrication of repellents, 
fragrances, enzymes, and lubricants. The lining of the statocyst is composed of the epithelial 
lining which might indicate why there was higher apoptosis in the non-senescent Metasepia 
pferfferi. 
The indirect immunofluorescent staining for histamine was possible in both the senescent 
and young adult cephalopod statocyst. When compared to a senescent adult, the young M. 
pferfferi displayed relatively more considerable amounts of histamine which also contradicted 
the expected results of this study. In humans’ higher amount of histamine receptors can lead to 
overstimulation causing vertiginous episodes. It would be beneficial to complete this study again 
with a larger sample size of this species and age range. The future study could be composed of 
both of the immunostaining techniques employed in this study as well as the addition of 
histamine receptor probes. This addition could be used to compare the receptors to the presence 
of histamine. Comparing the two could provide a more complete picture of what causes the 
imbalance in senescence.  
Statocyst sensory epithelium of Pleurobranchea japonica was studied with light and 
electron microscopy (Ohsuga, Kurokawa, & Kuwasawa, 2000). Ohsuga et al. found that its 
epithelium was composed of disk-shaped hair cells (Ohsuga et al., 2000). Each of which leads to 
a static nerve (Ohsuga et al., 2000). The study utilized immunocytochemistry to examine the 
neurotransmitters associated with the hair cells (Ohsuga et al., 2000). They determined that the 
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statocyst held histamine-like immunoreactivity cells on both sides. All of these cells were 
adjacent to each other (Ohsuga et al., 2000). The researchers inferred that the static nerve might 
code for position or movement of the statoliths with the use of the transmitters and mosaic 
arrangement of the cells (Ohsuga et al., 2000). This study further emphasizes the importance of 
isolating one species to investigate their receptors and cells so that it limits confounding factors.  
Some limitations of the study are undoubtedly the use of immunofluorescence as opposed 
to immunohistochemistry which is more easily quantifiable and more suited for the lab space 
being used. IHC and immunofluorescence have the possibility of being heavily biased and takes 
a skilled technician or pathologist for accurate readings (Ward & Rehg, 2014). Developing this 
study further and implementing genomics would also be a worthy contribution to this novel 
study.   
Computational neuroscience on this model could illuminate the mechanisms by which the 
histamine signals excite the neuronal networks of the statocyst as mentioned in the Forger et al., 
study (Forger, Paydarfar, & Clay, 2011). In 2011 they found that it is essential to consider the 
optimality or in other words, what signal most effectively causes the excitation (Forger et al., 
2011). A computational study paired with IHC for histamine receptors rather than histamine 
could expose the relevance of the non-senescent cephalopod having more histamine within its 
statocyst.  
Meniere’s patients are typically treated with medications that have long since been 
disproved and therefore developing a model to study possible molecular pathways of this 
morbidity could lead to revolutionary treatment. Many patients still lose their hearing  There is 
currently a phase 3 study of OTO-104 in subjects with unilateral Meniere’s disease. This study is 
conducted now by Kathie Bishop, Ph.D. with Otonomy, Inc and started in September of 2018. 
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They are currently evaluating the effectiveness of intratympanic dexamethasone (12 mg) 
injections. Steroids, however, are not reasonable for all patients. The benefit of having a model 
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